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Porcine epidemic diarrhea virus (PEDV), porcine 
deltacoronavirus (PDCoV), and swine acute diarrhea 
syndrome-coronavirus (SADS-CoV) are emerging/reemerging 
coronaviruses (CoVs). They cause acute gastroenteritis in 
neonatal piglets. Sequence analyses suggest that PEDV and 
SADS-CoV may have originated from bat CoVs and PDCoV 
from a sparrow CoV, reaffirming the interspecies transmission 
of CoVs. The clinical signs and pathogenesis of the three 
viruses are similar. Necrosis of infected intestinal epithelial cells 
occurs, causing villous atrophy that results in malabsorptive 
diarrhea. The severe diarrhea and vomiting may lead to 
dehydration and death of piglets. Natural infection induces 
protective immunity, but there is no cross-protection among 
the three viruses. Besides strict biosecurity measures, 
individual vaccines are needed for each virus for disease 
prevention and control. 
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Introduction 

Coronaviruses (CoVs) are the largest positive-sense, sin- 
gle-stranded RNA (+RNA) viruses. They belong to the 
Coronaviridae family of the Nidovirales order. Four genera 
are established: A/phacoronavirus, Betacoronavirus, Gam- 
macoronavirus, and Deltacoronavirus. Currently, six CoVs 
infect pigs, including four alphacoronaviruses [(transmis- 
sible gastroenteritis virus (TGEV), porcine respiratory 
coronavirus (PRCV), porcine epidemic diarrhea virus 
(PEDV), and swine acute diarrhea syndrome-coronavirus 
(SADS-CoV)], one betacoronavirus [porcine hemaggluti- 
nating encephalomyelitis virus (PHEV)], and a porcine 


deltacoronavirus (PDCoV) (Figures 1 and 2). Among 
them, TGEV, PRCV, and PHEV have been circulating 
in pigs for decades, whereas PEDV, PDCoV, and SADS- 
CoV are considered as emerging coronaviruses. Although 
classical PEDV was first discovered in Europe in the early 
1970s [1], and it later spread to Asia in 1970s [2], a re- 
emerging highly virulent PEDV caused massive out- 
breaks, with high mortality in suckling piglets, in late 
2010 [3]. In 2013-2014, PEDV caused nationwide out- 
breaks in the US, culminating in major losses to the pork 
industry. PDCoV was initially detected from pig fecal 
samples in 2009 in Asia, but its etiological role was not 
identified until 2014 when it caused diarrhea in pigs in the 
US [4°,5]. Most recently, another highly pathogenic 
enteric CoV, SADS-CoV, emerged in China in 2016 with 
high mortality among baby pigs [6,7,8°°]. All three newly 
emerged porcine enteric CoVs were first detected in 
China. To date, the emerging PEDV strains have spread 
to other Asian and North American countries and to 
Europe. PEDV has become the second most important 
pathogen for swine in China (containing >50% of the 
world’s pig population), after porcine reproductive and 
respiratory syndrome virus (PRRSV). PDCoV has spread 
to the US, Canada, and other Asian countries [9]. No 
SADS-CoV has been reported from other countries 
besides China. In addition, recombinant viruses between 
'TGEV and PEDV had been reported in Italy, Germany, 
and Slovakia [10-12]. These recombinant swine enteric 
coronaviruses (SeCoV), Italy/213306/2009 and GER/ 
L00930/2012, share similar recombination pattern and 
99.5% nucleotide identity and have potential parental 
strains TGEV H16 strain (major, backbone) and classical 
PEDV CV777 strain (minor, S gene). Because there were 
no more reports on SeCoV outbreaks, virulence, and 
tissue tropism, we will not discuss SeCoV further in this 
review. 


The basic genomic organization is shared among CoVs 
[13]. The genome size is about 25-30 kb. It contains at 
least six open reading frames (ORFs) in the order: 
ORF 1a, ORF1b, spike (S), envelope (E), membrane 
(M), and nucleocapsid (N) (Figure 1). Each virus con- 
tains one to several accessory genes, the ORF3 of PEDV, 
NS3a, NS7a and NS7b of SADS-CoV, and NS6 and NS7 
of PDCoV. ORF 1a and ORF 1b are at the 5’-end and 
comprise two-thirds of the genome. They encode two 
non-structural polyproteins that are processed to gener- 
ate an estimated 14-16 nonstructural proteins (NSPs) 
involved in proteolytic processing, genome replication 
and transcription [13]. Among the structural proteins, the 


www.sciencedirect.com 


Current Opinion in Virology 2019, 34:39-49 


40 Emerging virus: intraspecies transmission 


Figure 1 
E 
a-PEDV ARES 
®© i A(n) 
PL? 3cr° eg een 
\ 11 o| Ea 
ppta —— r ri So A qO i 
pplab EE E SSS a a E 
1 2 3 4 5 67891012 13 14 15 16, 
NSPs 
a-SADS-CoV E NS7a 
-1RFS 1 o 
CH T GN} A(n) 
NS3aM [D 
NS7b 
5-PDCoV E NS6 
-1RFS l l 
®© O Nim Ain) 
M {Jns7 
Current Opinion in Virology 


Genomic organization of alphacoronavirus porcine epidemic diarrhea virus (a-PEDV), swine acute diarrhea syndrome-coronavirus (a-SADS- 
CoV), and porcine deltacoronavirus (8-PDCoV). Each genome is 5’capped and 3’ polyadenylated. Viral genomes are flanked by UTRs and are 
polycistronic encoding replicase ORFs1a and 1b followed by the genes encoding spike glycoprotein (S), envelope (E), membrane (M), and 
nucleocapsid (N) proteins. Among the structural protein genes, the genome also contains accessory genes: ORF3 of PEDV; NS3a, NS7a and 
NS7b of SADS-CoV; and NS6 and NS7 of PDCoV. Expression of ORF 1a and 1b yields 2 polyproteins (pp1a and pptab) through a -1 
programmed ribosomal frameshift (-1RFS). The polyprotein is co-translationally or post-translationally processed into an estimated 14-16 
nonstructural proteins (NSPs): PLpro, papain-like cysteine protease; 3CLpro, main 3C-like cysteine protease; RdRp, RNA-dependent RNA 
polymerase; Hel, helicase; ExoN, 3-5’ exonuclease; NendoU, nidovirus uridylate-specific endoribonuclease; 2’OMT, ribose-2’-O- 
methyltransferase. 


Figure 2 


PHEV USA KY 419112.1 
HuCoV HKU1 KF686346.1 
Bat-SARS-CoV HKU3 DQ022305.2 
BatCoV HKU4 NC009019.1 
Rousettus batCoV HKU9 MG762674.1 


Sparrow CoV HKU17 NC016992.1 
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Phylogenetic comparison of the full-length genomes of PEDV, SADS-CoV, and PDCoV with other coronavirus species. Evolutionary history was 
inferred using the Maximum Likelihood method [112]. The tree with the highest log likelihood (—511751.49) is shown. Initial tree(s) for the heuristic 
search were obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances estimated using the 
Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. The analysis involved 23 nucleotide sequences. There were a total of 32,538 
positions in the final dataset. Evolutionary analyses were conducted in MEGA X [113]. 
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S glycoprotein is most important to elicit virus neutral- 
izing antibodies and is diverse among strains. The N 
protein, which is the most abundant structural protein, 
binds to the viral genomic RNA and is packed into the 
nucleocapsid, while the M and E are membrane 
proteins. 


In this review, we will focus on the origin and potential for 
intra/interspecies transmission, host receptors for virus 
replication, antigenic relationships, comparative patho- 
genesis, and disease control and prevention of the three 
emerging porcine CoVs. For PEDV, we will focus on the 
highly virulent PEDV strains. 


Origin and potential for intra/interspecies 
transmission 

Coronaviruses, including emerging porcine CoVs of two 
different genera, alphacoronaviruses and deltacorona- 
viruses, exhibit an increased propensity for interspecies 
transmission [14,15]. Scattered genome-wide point 
mutations normally appear within host evolution of CoVs 
and are not associated with major changes in their 
biological functions [16,17]. In contrast, significant gene 
modifications (deletions or insertions in accessory or 
spike protein genes) are often involved in or occur 
following CoV host-shift or tissue tropism change events 
[18,19,20°,21,22—24]. However, in the case of PEDV, a 
large deletion (194-216-aa Del) in the N terminus of S 
protein results in partial attenuation of the virus but did 
not alter tissue tropism [25,26]. This differs from PRCV 
whereby the large S deletion (207-227-aa) changes the 
major tissue tropism from enteric to respiratory com- 
pared with the parental TGEV. This may reflect the 
different receptor usage of these two alphacoronaviruses. 
'TGEV uses aminopeptidase N (APN) as the receptor, 
and APN is distributed ubiquitously in many tissues. 
PEDV does not use APN as the receptor, which was 
confirmed by the fact that PEDV infects APN-knockout 
pigs [27]. Also, the size and localization of the deletions 
in the spike gene are virus species-specific with variable 
biological outcomes [28]. Frequent host-shifting (ani- 
mal-to-animal and occasionally animal-to-human) events 
are characteristic for CoV evolution, with severe acute 
respiratory syndrome (SARS)- and Middle East respira- 
tory syndrome (MERS)-CoVs being the most prominent 
recent examples [29-32]. While palm civets, raccoon 
dogs, Chinese ferret badgers, or dromedary camels were 
implicated as incidental hosts that facilitated SARS- or 
MERS-CoV spread to humans, respectively, bats are 
considered the natural reservoirs for these viruses 
[33,34]. Besides SARS- and MERS-CoVs, molecular 
analyses confirmed that numerous animal and human 
CoVs emerged as a result of recombination and inter- 
species transmission events. Those CoVs include alpha- 
coronaviruses, betacoronaviruses, and deltacoronaviruses 
and are summarized below [14]. Canine CoV (CCoV) II 


has reportedly emerged via recombination between the 
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original CCoV-I and an unknown CoV, while feline CoV 
(FCoV) II acquired the CCoV-II spike gene and the 
backbone from FCoV-I [20°]. Another alphacoronavirus, 
TGEV, is suggested to have originated from CCoV-II 
because of the high genetic relatedness between the two 
viruses and by the presence of ORF3 remnants in both 
genomes [20°,35]. 


Recent studies have further emphasized that bats are 
important reservoirs contributing to the immense diver- 
sity of human and animal CoVs. For example, it was 
demonstrated that Ghana bat CoV group I and HCoV- 
229E share a common ancestor [36,37]. Additionally, a 
recent transmission of bat-CoV-HKU10 from 
Leschenault’s rousettes to Pomona leaf-nosed bats has 
been reported [38]. Among betacoronaviruses, there are 
the two human CoVs, respiratory HCoV—OC43 associ- 
ated with common colds and human enteric CoV 
(HECoV-4408) isolated from a child with diarrhea that 
are suggested to have been introduced into human pop- 
ulation from bovine species [23,39]. Additionally, bovine- 
like CoVs were identified in captive wild ruminants and 
camelids such as waterbuck, sambar deer, white-tailed 
deer, elk, giraffe, sable antelope [18,40—42], alpaca, llama, 
and dromedary camel [43]. Deltacoronaviruses are genet- 
ically highly heterogenous and represent the only genus 
in the Coronaviridae family that infects avian and mam- 
malian species with frequent host-shift events [44,45]. 
Recent molecular analysis of avian deltacoronaviruses in 
the Middle East provided long-sought evidence of inter- 
species transmission between falcons and their prey, 
houbara bustards and pigeons, as well as avian-to-swine 
transmission associated with recombination events in the 
spike gene [46]. 


There are no historic large-scale surveillance data that 
definitively establish that PEDV was introduced into the 
pig population from bats in the 1970s [47°]. However, 
recently, it was demonstrated that PEDV is genetically 
more closely related to BtCoV/512/2005 than to TGEV, 
leading to the hypothesis that PEDV may have originated 
from bats (Figure 2) [47°]. Additionally, PEDV infects 
cells from pigs, humans, monkeys, duck, and bats, further 
supporting the theory that PEDV had crossed the bat- 
swine interspecies barrier sometime in the past (Table 1) 
[48,49]. PEDV has been detected from feral pigs in Korea 
and the US [50,51°], with the latter study suggesting that 
PEDV may have spilled over from domestic to feral pigs. 
However, because there are no control measures to pre- 
vent PEDV circulation in feral pigs, they may represent a 
PEDV reservoir that can lead to PEDV outbreaks in the 


future. 


The SADS-CoV genome was shown to be highly similar 
(95% nucleotide identity) to another bat CoV (HKU2- 
CoV) identified in 2007 (Figure 2) [6,7,8°°,52]. However, 
the S gene sequence identity is only 86%, suggesting 
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Table 1 


Summary of the three emerging enteric coronaviruses in pigs 


Coronavirus Year of Prototype Receptor Mortality in Infect other Cell lines for virus Potential 
(Genus) emergence (GenBank neonatal animal propagation ancestor 
(re-emergence Accession piglets species (GenBank 
no.) besides pigs Accession no.) 
PEDV 1971 (2010) CV777 Unknown Approaching No African green monkey CHN/BtCoV/512/ 
(Alphacoronavirus) (NC_003436) 100% [71] kidney (Vero and MARC- 2005 (DQ648858) 
145), swine intestine [47°] 
(IECs), bladder, kidney 
(PK15 and IB-RS-2), 
testis (ST), and alveolar 
macrophage (3D4), bat 
lung (Tb1-Lu),duck 
intestine (MK-DIEC), and 
human liver (HUH-7) and 
lung (MRC-5) [49] 
PDCoV 2009 HKU15-44 APN; Up to 40% [9] Bovine [111] Swine ST, LLC-PK1, Recombinant 
(Deltacoronavirus) (JQ065042) others? IPEC-J2, PKFA, SK6, between Sparrow 
PD5, and PK15, galline © CoV HKU17/2007 
hepatoma (LMH) and (NC_016992) and 
fibroblast (DF-1), human bulbul CoV 
hepatoma (Huh7), A549, HKU11 
HeLa, and HRT-18 (FJ376619) [4°,46] 
[53°°,114,115] 
SADS-CoV 2016 GDS04 Unknown 90-100% in unknown Vero [7,8°°,72] BtCoV/HKU2/HK/ 
(Alphacoronavirus) (MF167434); pigs < 5 days 33/2006 
CH/GD-01/ of age and 5% (EF203067); Bt/ 
2017 in pigs > SADSr-CoV 
(MF370205); 8 days of age 162140/2016 
CH/GDWT/ [8°°, 72] (MF094688) 
2017 [8°°,52] 
(MG557844) 


that HKU2-CoV may not be the direct progenitor of 
SADS-CoV, but that they may share a common ancestor. 
This prompted the search for new CoVs in bat speci- 
mens collected in Guangdong Province between 
2013 and 2016. SADS-related CoVs (sharing 96-98% 
sequence identity with SADS-CoV) were identified in 
9.8% of bats, predominantly in horseshoe bats (RAo/o- 
phus spp.) that are known reservoirs of SARS-related CoV 
(Figure 2) [8°°]. 


In contrast, molecular clock analyses suggest that PDCoV 
originated relatively recently from a host-switching event 
between avian and mammalian species (Figure 2) [4°,44]. 
Most recent phylogenetic analyses have confirmed that 
quail deltacoronavirus UVAE-HKU30 belongs to the same 
deltacoronavirus species as porcine coronavirus HKU15 
(Por CoV HKU15) and sparrow coronavirus HKU17 
(SpCoV HKU17) [46]. In addition, PDCoV was shown 
to efficiently infect cells of broad host range, including 
swine, humans, and chickens (Table 1) [53°°]. Accord- 
ingly, PDCoV S protein was found to target the phyloge- 
netically conserved catalytic domain of APN [53°°]. 
Moreover, transient expression of porcine, feline, human, 
and chicken APN renders cells susceptible to PDCoV 


infection [53°°]. 


Host receptors 

‘The major determinant for attachment and entry is bind- 
ing of the S glycoprotein to receptors on the cell surface. 
This step is one of the key divergence points among 
CoVs, contributing significantly to species tropism, tissue 
tropism, the resultant pathogenesis in the host, and the 
ability to cross between species. The S protein is a type I 
glycoprotein consisting of S1 and S2 subunits present on 
the virion surface as a trimer (Figure 3) [54,55°]. The S1 is 
involved in receptor binding and contains N-terminal and 
C-terminal domains (S1-NTD and S1-CTD, respec- 
tively), both of which may serve as a receptor-binding 
domain (RBD) [56]. The S2 subunit forms the stalk of the 
spike trimer, involved in triggering the fusion of the viral 
envelope and target cell membrane [53°°,55°]. Identifica- 
tion of specific viral receptors can often be difficult due to 
the S protein potentially binding to multiple cell recep- 
tors, the necessity for co-receptors, and the involvement 
of potential host receptor proteins in viral replication 
stages other than initial binding. In the case of PEDV, 
there appears to be promiscuous binding to cell receptors 
[48]. APN and sialic acid have both been suggested as 
binding receptors for PEDV [48,57]. Further research 
suggests that porcine APN (pAPN) is not a functional 
receptor, but rather it contributes to PEDV infection 
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Schematic diagram of S protein of emerging porcine coronaviruses. S1-NTD - S1 subunit N terminal domain is shown in purple; S1-CTD - S1 
subunit C terminal domain is shown in red; RBD - PDCoV receptor binding domain is shown in yellow; TMD - trans-membrane domain is shown 


in orange. 


through its protease activity [27, 58°,59,60]. This is con- 
firmed by the recent report that APN-knockout pigs 
became resistant to TGEV infection, but remained sus- 
ceptible to PEDV infection [27]. Furthermore, the bind- 
ing efficiency of PEDV to sialic acid appears to be strain- 
specific. Sialic acid binding is variably required for other 
CoV infections in cell culture with sialic acid serving as a 
primary receptor in some instances (A1 lineage betacor- 
onaviruses) [57], as a potential secondary receptor 
(TGEV) [61,62,63°], or it may be dispensable for entry 
into cells as noted in cell culture (TGEV) [64]. A similar 
quandary exists for PDCoV where the S1 domain binds to 
APN of many different species, allowing functional infec- 
tion of diverse cell types; however, removal of APN does 
not render cells completely resistant to infection 
[53°°,65]. These findings suggest that PDCoV not only 
utilizes APN, but it can also utilize another unknown 
receptor(s) in the absence of APN. Less research has been 
done on the emerging SADS-CoV binding receptor due to 
its recent identification [6,7,8°°]. 


Antigenic relationships 

The antigenic relationships among porcine CoVs are 
complex and include intergenus and intragenus cross- 
reactivity [66-68]. One-way cross-reactivity was observed 
between TGEV (Miller strain) and classical and current 
US PEDV strains. This cross-reactivity was due to at least 
one epitope on the N-terminal region of the N protein 
[67] and is similar to the N protein-mediated antigenic 
cross-reactivity between SARS-CoV and alphacorona- 
viruses of porcine, canine and feline origin reported 
previously [66,68]. Because it was confirmed that PEDV 
does not utilize pAPN as a cellular receptor [27,58° 
09,60], whereas ‘TGEV does, the biological relevance 
of the observed antigenic cross-reactivity between TGEV 
and PEDV needs to be evaluated further, but could 
interfere in diagnostic tests based on whole virus or N 
protein. 


The fact that pAPN acts as a cross-genus CoV functional 
receptor for both the enteropathogenic PDCoV and 
alphacoronavirus (TGEV) suggests that some 
sequence/structural homology may exist to enable this 
functional interaction between pAPN and the PDCoV/ 
TGEYV S protein receptor binding domain region [53°°]. 
The existence and extent of antigenic cross-reactivity 
between TGEV and PDCoV are unknown; however, N- 
protein mediated two-way cross-reactivity between 
PEDV and PDCoV was recently confirmed [69]. Thus, 
the above data suggest that receptor selection in the 
emergence of porcine CoVs is subject to certain restric- 
tions and may lead to structural re-arrangements in the 
spike as well as other viral proteins, including the highly 
conserved (and therefore cross-reactive) N protein. Fur- 
thermore, recent experiments demonstrated that angio- 
tensin-converting enzyme 2 (ACE2), pAPN and dipepti- 
dyl peptidase 4 (DPP4) do not function as receptors for 
SADS-CoV [8°*]. Thus, additional experimental work is 
needed to identify cellular receptors for PEDV and 
SADS-CoV, as well as to gain mechanistic understanding 
of antigenic interrelationships among emerging porcine 
CoVs. Specifically, additional information is needed to 
establish whether there is co-regulation between receptor 
usage and antigenic cross-reactivity among these CoVs. 


Comparative pathogenesis 

PEDV, PDCoV, and SADS-CoV are all enteric patho- 
gens, causing indistinguishable acute gastroenteritis in all 
ages of pigs (Table 1). Clinical signs include mainly 
anorexia, diarrhea and vomiting that may lead to dehy- 
dration, loss of body weight, lethargy, and death. Those 
clinical signs generally do not last over 10 days. Disease is 
generally more severe and often lethal in neonatal piglets, 
especially those born from seronegative sows. In older 
pigs, such as weaned pigs and sows, morbidity is high but 
the mortality rate is low. In general, the emerging highly 
virulent PEDV is more virulent than PDCoV strains 
tested [9]. During the first year of outbreaks in the US, 
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the pig morbidity rate due to PEDV and PDCoV was 
about 100% and 30%, respectively [70]. PEDV and 
PDCoV caused up to 100% and up to 40% mortality rates 
in neonatal piglets, respectively [9,71]. The mortality 
rates of SADS-CoV in piglets less than five days of age 
and older than eight days of age were 90-100% and 5%, 
respectively [8°°,72]. Diseases caused by porcine enteric 
CoVs (TGEV, PEDV, SADS-CoV, and PDCoV) cannot 
be differentiated without laboratory diagnosis. Transmis- 
sion is mainly via the fecal-oral route. Vehicles include 
contaminated feed/ingredients, transportation trucks/trai- 
lers, environment, etc. [71]. Airborne transmission was 
reported for both PEDV and PDCoV, probably via inges- 
tion of aerosolized virus particles [71]. Recently, Li ef al. 
[73] investigated the potential mechanisms of airborne 
transmission of PEDV. They concluded that the virions 
can replicate in the nasal epithelial cells, then are carried 
by dendritic cells (DCs) and passed to CD3+ T cells that 
transport PEDV to the gut to infect intestinal cells. 
However, such a conclusion cannot be made based on 
the data presented in the paper. The major concern is that 
the authors used extremely high inoculum dose (7 logio 
PFU/pig) to intranasally inoculate five-day-old CDCD 
piglets. Considering the very low infectious dose for 
neonatal piglets of the emerging highly virulent PEDV, 
ingestion of even a very small portion (1/10 million, 
1 PFU) of this inoculum, which was highly possible, 
can result in a 100% infection rate in piglets within 
24 hpi, as described previously [74,75]. Therefore, 
although PEDV can replicate in nasal epithelial cells 
and be taken up by DCs and T cells, whether the virions 
carried by the DCs and T cells can cause intestinal 
infection and diarrhea should be investigated further. 
Also, PEDV is more prevalent than PDCoV in the field 
[76]. Infectious PEDV can be shed in the feces of infected 
pigs weeks after clinical signs cease, posing difficulties for 
disease management on farms [71]. Co-infections with 
more than one pig enteric pathogen are common and 
often more severe clinically [77,78]. 


The pathogenesis of PEDV and PDCoV has been stud- 
ied in different ages of pigs [9,71,79,80]. Disease is more 
severe in younger pigs than in older pigs, which is called 
age-dependent resistance, probably due to the immature 
immune responses and lower rate of enterocyte regen- 
eration in younger pigs [81°,82-84]. In general, patho- 
logical changes in young pigs are similar between these 
two viruses. Clinical signs appear at 1-3 days post- 
inoculation. Viral replication occurs quickly and mainly 
in the villous epithelial cells of the small intestine, 
resulting in villous atrophy. Therefore, diarrhea is prob- 
ably a consequence of malabsorption due to massive loss 
of absorptive enterocytes. PEDV and PDCoV antigens 
also were detected occasionally in crypt cells, but may 
not contribute significantly to pathogenesis since enter- 
ocyte regeneration capacity was preserved [9,79]. No 
histopathologic changes have been observed in the 


caecum/colon, although PEDV and PDCoV antigens 
were detected in the epithelial cells of these intestinal 
sections. During the acute phase of virus infection, large 
number of viruses are shed in feces. Viral RNA was also 
detected transiently in the serum. Low levels of viral 
RNA were detected in multiple organs by real-time 
reverse transcription (RT)-PCR possibly due to viremia, 
since no viral antigen was detected. A recent study 
showed significantly lower levels of serotonin-secreting 
enteroendocrine cells in duodenum, mid-jejunum, 
ileum, or colon in PEDV-infected pigs that had vomiting 
than in negative control pigs, suggesting that serotonin 
secretion during PEDV infection might contribute to 
vomiting [85]. The pathogenesis of the recently emerg- 
ing SADS-CoV was studied in piglets by three laborato- 
ries [7,8°°,72]. Pan eż al. [7] noted that SADS-CoV caused 
only mild-moderate intestinal lesions in three-day-old 
piglets. In the second study, SADS-CoV proteins were 
detected in only a few jejunal epithelial cells, which may 
not correlate with the 50% (3/6) mortality in the inocu- 
lated three-day-old piglets [8°°]. In the most recent 
study Xu ef al. [72] reported that SADS-CoV mainly 
infects the intestine, causing 100% (12/12) and 50% (2/4) 
mortality rates in five-day-old and contact control con- 
ventional piglets (infected at7 days of age based on fecal 
shedding data), respectively. SADS-CoV RNA was also 
detected from the heart, liver, spleen, kidneys, stomach, 
and lungs, but not the blood of piglets euthanized at 
7 dpi when pigs still had severe diarrhea. Therefore, 
more detailed pathogenesis studies are warranted to 
understand SADS-CoV replication zz vivo, factors con- 
tributing to disease severity, tissue tropism, etc. 


Immune responses and disease control and 
prevention 

Immune responses have been studied for PEDV infec- 
tion, but there are few reports for PDCoV and SADS- 
CoV [86-89]. Serum PEDV IgG Ab responses were 
studied in seven-week-old conventional pigs inoculated 
with non-S INDEL PEDV via the oragastric route at —7 
to 42 days post-inoculation (dpi). IgG antibodies were 
detected as early as 7 dpi for the S1 subunit of the S 
protein and 10 dpi for the N and M structural proteins 
and the whole virus particles [90°]. The antibody titers 
peaked at 14-17 dpi and remained detectable through 
42 dpi. However, no E protein-specific IgG antibodies 
were detected throughout the study. Also, the PEDV S1 
does not cross-react with IgG antibodies against the other 
porcine enteric coronaviruses, TGEV (and its variant 
PRCV) and PDCoV. Therefore, the S protein is the most 
sensitive and specific marker for PEDV infection. In 11- 
day-old conventional pigs, a strong positive correlation 
exists between protection against PEDV challenge and 
the levels of IgA and IgG antibody secreting cells (ASCs) 
in the gut associated lymphoid tissues (duodenum and 
ileum lamina propria and mesenteric lymph nodes) and 
the blood as well as between protection and serum IgG 
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and IgA antibody titers [91,92]. In sows exposed to 
PEDV in the field, IgA and IgG PEDV ASCs were 
detected in the intestine of sows at one month post- 
PEDV exposure, then waned, but remained detectable at 
six months post-PEDV exposure [93]. Additionally, 
PEDV IgA antibody was detectable in oral fluids [93]. 
Several experimental challenge studies using naive ani- 
mals of different ages demonstrated that serum viral 
neutralizing antibodies became detectable around 
10 dpi, peaked around 18 dpi, decreased slightly around 
21 dpi, and remained at high level through 42 dpi [88]. 


T cell immune responses may play an important role in 
inducing protective immunity because pigs infected with 
the attenuated and highly virulent PEDV PC22A strain 
generated similar level of humoral immune responses, 
but only pigs infected with the virulent PEDV were 
protected from challenge with homologous virulent virus 
[94]. However, limited experimental data are available on 
cellular immune responses, focusing mainly on cytokine 
responses [82]. PEDV-infected suckling pigs had signifi- 
cantly lower natural killer (NK) cell frequencies, unde- 
tectable NK cell activity and lower IFN-y producing 
CD3° CD4 CD8* NK cells in blood and ileum compared 
with PEDV-infected weaned pigs [82]. Deficiency in the 
innate immune function of neonatal NK cells may con- 
tribute to the more severe PEDV infection in suckling 
pigs compared with weaned pigs as also reported for 
TTGEV infections [95]. Inflammatory responses play a 
significant role in the pathogenesis of enteric corona- 
viruses. Compared with suckling pigs, weaned pigs had 
a delayed pro-inflammatory cytokine induction that coin- 
cided with the delayed onset of infection, disease and 
shedding of PEDV RNA in feces [82]. Toll-like receptor 
2 (TLR2Z), TLR3, and TLR9 may contribute to NF-KB 
activation in response to PEDV infection in small intes- 
tinal epithelial cells 77 vitro [96]. The viral proteins E and 
N upregulated IL-8 expression by inducing endoplasmic 
reticulum stress and subsequent activation of the NF-kB 
pathway [97,98]. PEDV can evade host innate immune 
responses via at least 11 proteins (nsp1, nsp3, nsp5, nsp7, 
nsp14, nsp15, nsp16, ORF3, E, M, and N) that function as 
interferon (IFN) antagonists [99-102]. Identification of 
the virus-encoded IFN antagonists and understanding 
their mechanism of action may lead to novel therapeutic 
targets and more effective vaccines. In summary, infec- 
tion of PEDV induces protection against homologous 
virus challenge in neonatal, growing and adult pigs 
[89,103,104]. Although there is only one serotype of 
PEDV, only incomplete cross-protection exists among 
different genetic clusters of PEDV variants [3,103]. Sows 
previously infected with PEDV can generate lactogenic 
immunity and passively protect nursing piglets from 
disease [86,104]. Mucosal IgA antibody levels correlate 
to protective viral neutralizing antibody levels and the 
neutralizing epitopes are mainly located in the S glyco- 
protein [105-107]. 
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Rapid diagnosis is critical for the control of these diseases 
to prevent them from spreading. Diagnostic methods for 
PEDV and PDCoV for the detection of viral RNA, viral 
antigens, and antibodies have been reviewed [76,88]. No 
specific antiviral drugs are available to treat infected pigs. 
High level biosecurity and vaccines are still the best 
choice to prevent these enteric infections [104]. No 
cross-neutralization exists between antibodies to PEDV 
and PDCoV [69]. SADS-CoV outbreaks occurred at a 
swine farm that suffered from recent PEDV infections, 
suggesting no cross-protection between PEDV and 
SADS-CoV [8°*]. Therefore, the prevention of these 
three emerging porcine CoV diseases will require the 
development of separate virus-specific 
Although PED occurs in pigs of all ages, piglets up to 
one week of age experience high mortality and need to be 
protected by transfer of maternal antibodies, especially 
neutralizing antibodies, via colostrum and milk from 
immunized dams. The mechanisms of lactogenic protec- 
tion described for TGEV and other enteric viral infec- 
tions apply to PEDV as well [86,108]. Colostrum and milk 
IgA or neutralizing antibody titers are better markers for 
lactogenic immunity than antibodies in serum [109]. 
Live, inactivated, and subunit (S) PEDV vaccines target- 
ing sows have been developed in China, Japan, Korea and 
the US [104,110]. However, their efficacy has not been 
sufficient to control PEDV outbreaks that still occur on 
farms with PEDV-vaccinated pigs. No reports are yet 
available on vaccine development for PDCoV or SADS- 
CoV. Some farms use feedback methods with intentional 
exposure of pregnant sows pre-farrowing to autogenous 
virus using minced intestines from acutely infected pig- 
lets [108]. The goal is to stimulate lactogenic immunity in 
sows and reduce mortality in nursing pigs. The problem 
with these methods is that PEDV infection may become 
persistent on farms and other enteric pathogens could be 
transmitted to the entire herd. 


vaccines. 


Conclusions 

PDCoV, SADS-CoV, and highly virulent PEDV emerged 
or reemerged recently (Table 1). PEDV has spread to 
Asian, North American, and European countries, causing 
huge economic losses in the swine industry. Among the 
three enteric CoVs, PEDV has been studied more exten- 
sively and some vaccines have been developed, although 
their efficacy in the field is still questionable. For PDCoV 
and SADS-CoV, more research is needed to better under- 
stand their emergence, evolution, pathogenesis, and 
immune responses. Currently, disease control and pre- 
vention mainly depend on swine farm management, 
focusing on high biosecurity measures and disease con- 
tainment within and among farms. Coronaviruses often 
spill over to other species: PEDV and PDCoV can infect 
cells from different species, and PDCoV can also infect 
calves [111]. Currently, these emerging porcine CoVs are 
only known to infect pigs, but not humans [48,53°°]. 
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Nevertheless, continued monitoring of these porcine 
CoVs is necessary for both swine and public health. 
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